
j FoctimiU M W  S 

Microfilm Price S

Avoiloble from tbe 
OfHc« of Technicol Service* 
Deportment of Commerce 
Wothington 25, D. C

LI 0  A L N O T I C I -

ARF 1184-8
(Q uarterly Report "No. 8)

MAGNETIC PROPERTIES OF INSULATORS 

to

US Atomic Energy Commission 
Chicago Operations Office 

9800 South Cass Avenue 
Argonne, Illinois



ARMOUR RESEARCH FOUNDATION
of

Illinois Institute of Technology 
Technology C enter 
Chicago 16, Illinois

ARF 1184-8
(Q uarterly Report No* 8)

on

MAGNETIC PROPERTIES OF INSULATORS 
Contract No. A t(ll-l)-578 
P ro ject Agreement No. 9

to

US Atomic Energy Commisalon 
Chicago Operations Office 
9800 South Caas Avenue 

Argonne, Illinois

Attention: Fred C. M attm ueller
Acting D irector 
Contract Division

(Covering the period from  November 16, 1962 to February 15, 1963)

March 1, 1963



FORWARD

This quarterly  o ro g ress report sum m arises th ree  activ ities of the 

group within the last th ree  months.

A careful study of the ratio of the maximum absorotion of the K band 

to the maximum absorption of the F band has been made in additively colored 

and T -irra d ia te d  RbCl. The range in im perfection concentration is  such 

that the absorption in the F region of the spectrum  can be m easured ca re ­

fully. The variation is  much larger than in KC1 colored by X -rays. Our ten ­

tative conclusion is  that the F and K bands do not come from  the same im ­

perfection. At presen t our understanding of the excited sta te  of the F 

center is  extremely lim ited. It is our hope that further detailed studies 

will reso lve some of these  problem s. This work was done by Mr. George 

Stungis and Dr. G. A. Noble with the guidance of the p rincipal investigator.

We have been fortunate to have D r. Y. Brada from  Hebrew Univer­

sity Jeru sa lem , Is ra e l join our group for about two yea rs . He plans to 

extend the lum inescence work of Luty and Gebhardt to RbCl. The ability 

to reso lve  the K band in th is  alkali halide m akes it a ttrac tive  for this work.

On the other hand purified  crysta ls are  needed to make the re su lts  m ore 

re liab le . We believe we have obtained p u re r crysta ls from  the Anderson 

L aboratories in Urbana, Illinois, Dr. B rada will have the prim ary  re ­

sponsibility of the optical work although D r. Noble will continue to be r e ­

sponsible for the overall experim ental aspects of the problem .

We have been continuing our theo re tica l study of the lifetim e of the 

excited state of the F cen ter in KC1. We now understand the reasons for the 

siseab le  difference in the lifetime calculation of Fowler and Dexter and those
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of the author. At p resen t no satisfactory  explanation of the difference be 

tween the theoretical values and the experim ental values of Swank and 

Brown exist, however.

Dr. Noble is  starting to build a new spectrom eter for EPR work 

and Mr. Casaelman continues his calculations of sp in -la ttice  relaxation tim es.

Respectfully subm itted.

ARMOUR RESEARCH FOUNDATION 
of Illinois Institute of Technology
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*, THE RATtO OF THE K- AAND TO THE F-BAND IN RbCl 

A. HISTORICAL INTRODUCTION

In th* early  <*xprruncriti of Kletr.schrod* on additivtly colored KCi, 

a small absorption band known as  the K-oand was found on the vioist aids 

i t h e  K band. The optical absorption m«taaur*menla wars per (or mad at

room temperature* where there i s  a poor resolution between the K and F
2 *  bands. Later, measurements by Pick on additively colot ed crystals  at

38°K showed an absence ol the K-band. Both Kleintchrod and Pick uaed

identical methods of aample preparation. A difference did exist, however;

Pick heated and quenched his samples before measurement while Kleinschrod

did not. Since the absorption waa measured at a limited number of points*

Pick may have ju s t  missed the email K-band.

Theoretically the absorption spectra of a trapped electron should 

consist of a se r ie s  of lines which broaden because of the electron lattice 

interactions. A se r ie s  limit should exist beyond which a continuous a b ­

sorption band lies. Mott and Gurney* suggested that since the F-center  

absorption was due to a la *2p type transition of the trapped electron, the 

K -band could be attributed to a la »np type transition. If the K-band la due 

to a higher excited state of the F -cen te r ,  the ratio of their maximum ab­

sorption coefficients should be constant (provided that there are no ex­

traneous perturbations present, such as two interacting F-centers  which 

could depend on the F-center concentration).

Geiger and Etxel4 studied the K-band m additively colored KOI. They 

bleached the F -band at 50° C for sm all  periods of t ime. Their data indicates 

not only the expected growth of M and R bands but also an unexpected growth 

»n the K-band. The calculated ratio of K /F  then showed a significant va r i -
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alien, (tom  wh*i h they corttuded that the K-oand was not dM U 4 transition  

of ia  itiftiDM  »r, th« ground tu t#  vt the F -v^r.u t u  t* v . l td  it« |« i o t (o (ho 

c c m d u t H i j n  bond.

Later Geiger** independently m tn u r« d  the ra tio  of th« K and f  -band 

absorption coefficients *n «dS)tivil)f colored KCL The c ry itil*  w ars colored: 

and quenched with no eabs«q**nt bleach*; g, bestir g or quenching per (or mad 

s s  them, Hs found a variation is  tn# K to F ratio of approximately seven* 

taan par cant, However • in ths data that was p rssan tad  there existed a 

statable absorption due to M and H centers. The p r a senes of the other 

canters tends to d isto rt the F-band, possibly giving r ise  to the observed 

variation In the ra tio ,

Markham and Duetlg m easured  the ratio  in KCl and found s value 

of 0. 047 at 78°K, which was communicated to Prof, Saits, Konitser and 

Markham7 studied the effects of bleaching the F-band. Their data also 

indicated s variation in ths K to F  ra tio  because of bleaching. It is In te rfilin g  

to note that the K to F ratio in additively colored unb.eachad KCl eam plee 

exhibited a t  much a t  s fifty percent vsriat.on, Ths ra tio  change from  4. 8 

to 3, 2 which could be real or could be due to changes in the base line.

This is one of the difficulties ot knowing for sure if the ratio really v arie s  

(see Konltser and Markham7&)
g

Luty examined ths p ropertie s  of the K-band In many of alkali halides. 

His m easurem ents were perform ed at 93°K, The concentration of F~centera 

w ere varied from  2 x 10*  ̂ to 2 x 10*® ir. KCl arid 6 x 10 to 7 x 10*7 in RbCl.

He found that the K to F ratio was . 046 in KCl and . 0545 in RbCl. H it 

m easurem ents indicated the following: - (1} The K /F  ra tio  is independent of 

concentration in a ll alkali halides. (2) The K to F ra tio  Is different in
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di fit ret I alkali hal.dea and stem * to b* greeteet in cht bromide a. (!) The 

shape of the K-band ie tem per*U rt independent end tte HeU-width i t  equal 

to the halt width el the F-renter at room temperature, From the above 

expert mental con tide rat ion. Luty then concluded that the K-band rapreeente 

e ttaneltion to higher excited etatee of the F-center electron, Luiy oellevee 

that the prevlouely reported variation was iu* to a band or eeriee of bande 

which formed under the W and K, This occurred, he believed, when the 

F-band wee bleached optically. Thie wee ait extremely reasonable point 

of view,
a  ■ . ; Jail

Broom and Wild meaeured the photo-conductivity proparttee at 10 K

and 7S°K on the high energy side of the F»band in addltiveiy colorod KCl,

They found that the product of the quantum yield and carrier range at

10°K wan independent of wavelength in the region of the L*bande reported

by Luty;® however* they fourd that it decreases rapidly with increasing

wavelength in the region of the K and F band. At 10°K» they found the value
-4 -3of the quantum yield was 2, 7 x 10 for the F-band and 4, h x 10 for the 

K-band, The sudden decrease in quantum yield in the region of the K and 

F bande agrees with the suggestion that the K band results from excitation 

to states below the conduction band.

One must be skeptical ir accepting the work of Brown nnd Wild and of 

Liity ae conclusively showing that the K-band is a bound state transition to 

a higher excited elate of the F-center. First* the change in the K to F ratio 

when the F-center is bleached ia not completely explained by Luty. A 

second problem is the high concentration at which Luty's experiments were 

performed. At the high concentrations used, it is  extremely difficult to ob­

tain "pure" F-centers and* therefore, it probably is not correct to speak of
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i  K to F ra t io .  A th i rd  difficulty is  the t e m p e ra tu re  independence of the 

«idt.h of the K-band found by LVity. If the K-band a r i s e s  from a bound 

t ran s i t io n ,  one would expect a t e m p e r a tu r e  dependence of *idlh,  (See for 

example Ref. 10). Even at low t e m p e r a tu r e s ,  how ever ,  th e re  is a high 

deg ree  of o v e r la p  between the K and F  bands, This  m a k es  the de te rm ina t ion  

of the shape and the  width very  difficult .

B. STUDY O F  THE K TO F RATIO IN RbCl

The pu rp o se  of th is  ex p e r im en ta l  study is  to d e te rm in e  whether  the 

K to F  ra t io  i s  a cons tan t .  In o r d e r  to do this we will  r e s t r i c t  ou tse lves  

to  pure  F - c e n t e r s . ^  We as su m e  tha t  the  band with sm a l l  H values ,  defined 

below, is  a s so c ia te d  with "pu re"  F - cen te r s .  T h e re  i s  evidence f rom  optical  

and E PR  work tha t  th is  is  indeed the  ca se ;  the evidence,  however,  is  not 

conclusive .  If, how ever ,  other hands  do appear ,  we will  t ry  to c o r r e l a t e  

th em  with a v a r ia t io n  in the ra t io .

The qu es t io n s  that we seek to answer  a re  the following:

(1) If the  ran g e  of concen tra t ion  is  r e s t r i c t e d  such that one obta ins  

good optical  m e a s u r e m e n t s  does the K to F  ra t io  depend on the 

F - c e n t e r  concentra t ion?

(2) If we c h a ra c te r i z e  the p u re  F -c en te r  by the  p a ram ete i

c , and H -  (c - c ) do sm al l  concen tra t ions  of the other  r v r '
c e n t e r s  (i. e, , such a s  M, R, N and c e n te r s )  affect th e se  

va lues  and a lso  the K to  F  ratio .

Sample P re p a ra t io n

Samples  of RbCl obtained f ro m  S em i-E lem en ts  and those obtained 

f ro m  Korth w e re  co lo red  by m eans of t " - i r r a d ia t io n  and additive co lora t ion .
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TABLE I - K to F  Ratio in X -irrad iated  KC1 

M easurem ent* a re  at 78°K.

No. w (K)/o< (F) m "  m

i. 0.044

2. 0.049

3. 0.048

4. 0.050

5. 0.045

6. 0.048

7. 0.048

8. 0.047

9. 0.049

(Data taken at the Applied Physic* Laboratory John* Hopkins

University)
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TABLE II

SUMMARY OF DATA 

K to F ra tio  in Additively Colored KC1

H(ev)

M easurem ents made at 78°K

<*m<KW F>

.193 0.012 0 . 040

.195 0.017 0.032

.195 0.070 0. 038

.196 0.014 0. 036

.196 0. 016 0. 041

.196 0.058 0. 048

.197 0. 011 0. 038
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TABLE III -  S u m m ary  of K to  F  R atio  M easu rem en ts in  

t - ir ra d ia te d  and  add itively  co lo red  RbCl a t 78°K

i

« (ev) < (ev) U  1 m \ r \ ^ m ( K ) c ^ m ( M ) N rN O . V r t fm (P ) cXm(F) « m ( F )

1 2.137 1.952 .185 .058 .045 .035 6 .95  x  1016

2 2.137 1.958 .179 .057 .095 .053 5. 64 x  1016

3 2.144 1.958 .186 .0 9 6 .101 .0 4 0 8 .6 4  x  1016

4 2.148 1.952 .196 .052 .045
r

.186 6.1 x  1015

5 2.148 1.958 .190 .0 4 4 0 .165 6.1 x lO 15

6 2.148 1.958 .190 .058 .094 .0 4 3 4 .7  x lO 16

.7 2.148 1.958 .190 .049 .012 0 3. 72 x  1016

8 2.148 1.958 .190 .052 .017 0 7 .4  x lO 16

9 2.156 1. 964 .192 • 049 .014 0 4. 23 x 1016

10 2.148 1.958 .190 .060 .027 0 3. 68 x 1016

11 2.163 1. 946 .217 .057 .010 0 1. 0 x  1016

12 2.152 1.958 .196 .0 7 0 .0 2 0 .2 0 3 6. 86 x  1015

13 2.137 1. 974 .170 .039 .020 .0 3 2 1.16 x lO 16

14 2.137 1. 967 .170 .0 3 8 .010 .0 8 5 6 .2  x  lO15

t i 2.144 1.940 .2 0 4 .060 .0 6 0 .3 0 0 6. 65 x 1015

\ 2 2.150 1.940 .210 .092 0 .2 5 8 5. 24 x 1015

*3 2.142 1,952 .190 .0 3 2 0 .0 5 3 3. 31 x  1016

14 2.142 1.951 .191 .0 4 5 .005 .0 4 5 154. 33 x 10ID

1s 2.142 1.952 .190 .044 . 0 2 < r .117 155.1 x lO 15

U 2.142 1.952 .190 .063 0 . 054 6 x  1015

& m (K) m axim um  ab so rp tio n  of the K band

9
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We do not believe th e s e  c ry s ta ls  w ere  exceptionally  p u re . The technique in ­

volved  in co lo ra tio n  h a s  been  p re v io u s ly  d e s c r ib e d .^  T he range  of F -c e n te r  

co n cen tra tio n  w as ch o sen  so tha t good o p tica l m e a su re m e n ts  could be m ad e .

(1. e . , from  10 ----- - y -  to 10 ---- -j —  ).
cm  cm

The sa m p le s  w ere  m ounted in  a  m odified H e rs h  type Dew ar and o p ­

t ic a l  ab so rp tio n  m e a su re m e n ts  w ere  m ad e  a t 78°K w ith a C ary  14 S p ec tro ­

p h o to m e te r.

D iscu asio n  of R e su lts

Table III i l lu s t r a te s  the range  of concen tra tion  and  subsequent v a lu es  

o b ta in ed  from  m e a su re m e n ts  of the o p tic a l abso rp tion  s p e c tr a .  Since the  

K , K^, and M bands a r e  sm a ll the b a s e lin e  is  v e ry  im p o rta n t. Some of th e  

v a r ia tio n s  a re  due to  changes in the  b a s e  line  but we b e lie v e  tha t the v a r i a ­

tio n  i s  too la rg e  to  exp la in  in  th is  m a n n e r . A ty p ica l se t o f  d a ta  i l lu s tra tin g  

the  K to  F  xatio in  KC1 is  shown in  T a b le s  I and II. T ab le  I shows an ex­

tr e m e ly  sm a ll d ev ia tio n  in the K to F  ra t io  for x - i r r a d ia te d  KC1 at liquid 

n itro g e n  te m p e ra tu re s .  T able II in d ic a te s  a ra th e r  la rg e  v a ria tio n  in ad - 

d itiv e ly  co lo red  KC1 a t  liqu id  n itro g en  te m p e ra tu re s . It i s  in te re s tin g  to 

n o te , how ever, th a t one cannot c o r r e la te  th is  v a ria tio n  w ith  any subsequent 

v a r ia tio n  in the M to  F  ra tio  o r the F -b a n d  half-w id th , H, H ence, we 

s tro n g ly  be lieve  we a r e  rep o rtin g  genuine changes in  the  K to  F  ra tio . T h e re  

se e m s  to ex ist a la rg e  v a ria tio n  in th e  K to  F  ra tio . T he v a ria tio n  in 

c r  and  H from  sam p le  to  sam ple is  m u ch  la rg e r  than in  KC1. We do not 

u n d e rs tan d  the re a s o n  for th is  at p re s e n t .

F ig u re  1 co m p a re s  the ab so rp tio n  sp ec tra  of two sam ples of ad - 

d itiv e ly  co lo red  R bC l. The band ap p ea rin g  at 2 .4  ev is  th e  K -band. H e re

10



2.1
PHOTON ENERGY ( e v )

F ig u re  I C o m p ar iso n  of the N o rm a l ized  optical absorp t ion  s p e c t r a  of the F -c e n te r  
in RbCl foi' two sa m p le s  at concen tra t ions  of 3 x 10*° (dashed  curve) and 
6 x 1 0 ^  (solid curve) .
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a la rg e  d iffe rence in th e  K to  F ra tio  is  show n. T h ere  is  a  sligh t dif­

fe re n c e  in the ta ils  on th e  re d  side of the  F -b an d . T his v a r ia tio n  could be 

due to  th e  form ation  of a K^-band.

In o rd e r  to a s c e r ta in  w hether the  change in the K to  F  ra tio  is  due 

to s t r u c tu re  appearing  on th e  red  side . F ig u re s  2 and 3 ^ c r e  construc ted . 

F ig u re  2 is  a graph o f th e  K to F  ra tio  v e r s u s  the M to  F  r a t io  a t 78°K.

It is  in te re s tin g  to no te  tha t one obtains a la rg e  spread  in th e  v a lu es  of the 

K to F  r a t io  when the M -c e n te r  co n cen tra tio n  is  app ro x im ate ly  ze ro . Also 

th e  d ev ia tio n s  seem  to b e  independent of th e  m ethod of co lo ra tio n .

F ig u re  3 is  a g rap h  o f the  K to F  r a t io  v e rsu s  the to  F  ra tio  at 

78°K. H e re  again we im m ed ia te ly  note a la rg e  deviation in  th e  K to  F 

ra tio  w hen the K j-band d o es  not ap p ear. W ien  the value of to  F  is  

exceed ing ly  la rg e , th e re  d o es not seem  to  be a  la rg e  dev iation  in  the 

K to  F  r a t io .  Thus, we can  conclude th a t th e  K~band is  independent of the 

K^-band.

F ig u re  4 is  a g rap h  o f the  K to F  r a t io  v e rsu s  the F -c e n te r  concen­

tra tio n  N j. The co n cen tra tio n  range as  m entioned  before , w as  chosen  so 

th a t good o p tica l m e a su re m e n ts  could be m ad e . T here  does no t seem  to be 

an obvious re la tio n  betw een  th e  K to F  ra tio n  and N^.

In o rd e r  to  a s c e r ta in  w hether o r not w e have p u re  F -c e n te r a  p re se n t, 

F ig u re  5 w as co n s tru c ted . H e re  we have a g raph  of the K to  F  ra t io  v e rsu s  

the p a ra m e te r s  c h a ra c te r is in g  the F -b an d ,€ v and «r . We no te  th a t the 

p re se n c e  of the K^-band d o es  not a l te r  the v io le t side of the F -b a n d . It does 

seem  to h av e  som e affect on €r ; how ever, th e  dev iations a r e  q u ite  sm all and 

a re  a s su m e d  to be due to  e r r o r s  in d e te rm in ing  the b ase lin e  on th e  red  side.

F ig u re  6 is  a g rap h  o f th e  K to F  r a t io  v e rs u s  the p a r a m e te r s  < v and

12
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cr . Here the red  side seem s to be independent of the K-band. This is  also 

true for c^. This is  most im portant since one would expect a la rg e  devia­

tion in the K-band to cause a  corresponding deviation in the violet side of 

the F-band.

F igure  7 is  a graph of the K to F ratio  v e rsu s  the half-w idth H,

The value for H which depicts a  pure F -cen ter is(o . 190 + ,03)ev^ at 78°K. 

Here we see again a large deviation in the K to F  ratio  even for the case 

of pure F -c e n te rs .

F rom  the data presented, we may draw  the following conclusions:

(1) The K to F ra tio  is  not constant which implies that the K-band 

is  not a transition  of the F electron to higher excited states.

(2) The K to F ra tio  deviation does not depend upon the concentra­

tion of M -centers which were p re sen t.

(3) The K to F ra tio  does not seem to be influenced by the presence 

of the K^-band.

(4) The K^-band does not influence the values of the param eters  

which ch a rac te rise  the F-band.

(5) The K to F ra tio  is  independent of the F-center concentration 

(if the densities involved are not too great).

(6) The deviation in the K to F ratio  does not influence the p a ra ­

m ete rs  cv» c r and H.

We have been able to obtain some purified RbCl from Anderson 

Laboratories in Urbana. We hope this will elim inate the large variations 

in and H. We feel c e tta in  that this additional data will shed light on the 

K to F ra tio  and perhaps lead to a better under standing of the F -cen te r.

18
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II. PROPOSED LUMINESCENCE EXPERIMENTS AND EQUIPMENT

It i t  p ro p o sed  to m e a s u r e  the loliowing lour p ro p e r t i e s  of the  F -cen te r  

lum inescence  s ta r t in g  with RbCl:

I. Light intensity  influence on to ta l  lum inescence .

I t  The te m p e r a tu r e  dependence of the  total lum inescence .

The possible  influence of F ce n te r  concentrat ion on the 

total lum inescence .

IV. The spec tra l  d is t r ibu t ion  of the em it ted  tight, at va r ious

te m p e r a tu r e s .  (If possib le ,  v'avelength of the excit ing 

light would be v a r ied  as  well, in o rd e r  to detect any other 

luminescent bands  whose Optical abso rp t ions  could be 

m asked by the F-band).

The E xper im en ta l  Se t-Up

The s e t -u p  for all of the f i i s t  th ree  (I-IX1) ex p e r im en ts  wiii be e s s e n ­

tially the sam e  (Fig .  8). The c r y s t a l  investigated (F) will be mounted in an 

optical c ryos ta t  and i l luminated by a beam of light at an angle of inc idence  

of 45°. The light beam  will o r ig ina te  in a concen tra ted  a rc  source  JB) and 

p ass  through optical coi i imating  sys tem  and light f i l t e r s  (C,B*,. As the 

wavelengths of the  D em iss ion  l in e s  of sodium a re  in the right sp e c t ra l  

region for F -band  stimulation of RbC*. it wou*d be advisab le  to use a 

sodium a rc .  if uvaLable.  Other poss ib le  light - s c u i  c e s  w u l d  be a iter or 

a r c  or  a co n cen t ra ted  a rc  of the st gcm~s i r co&ium type .  As these last  

mentioned light s o u r c e s  have a r a th e r  continuous s p e c t r a l  d is t r ibu t ion ,  

f i l t e r s  or a m onochrom ato r  would have to be used in o rd e r  to decide the 

sp e c t r a l  d is t r ibu t ion  of the light failing on the c r y s ta l .  Before reach ing

2 *
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Figure 8. Apparatus fot study of total luminescence.
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the  c r y s ta l  (F), the light beam  would p a t s  through a revo lv ing  l ight-chopper 

(E), which would m odu la te  the light b ea m  at a reasonab le  audio frequency.

The beam  ref lec ted  f ro m  the surface of  the  c ry s ta l  will be detected by a 

d e tec to r  (1). This s igna l  will  be used for two purposes;  providing a re 

f e r e n c e  signal of the r i g l t p h a s e  and f requency ,  and for in tensi ty  control 

of the  p r im a r y  light b ea m .  This d e te c to r  could ei ther  be a solid state 

dev ice  o r  a vacuum dev ice .  As vacuum dev ices  (such as  photom ult io l iers)  

a r e  gene ra l ly  m ore  l in e a r  in the ir  light intensity re sp o n se ,  they seem to be 

p r e f e r a b l e  in this c a s e .

The lum inescent  radia t ion itself  should be m e a s u re d  in  a  way which 

exc ludes  se r ious  in te r f e r e n c e  by the p r i m a r y  light beam , i . e ,  , at such an 

angle in re sp ec t  to t h i s  b eam ,  that no d i r e c t  p r im ary  light can  reach  the I. R. 

r ad ia t io n  detector  (C). Another f il ter  excluding the p r im a r y  radiation 

will ce r ta in ly  be needed in front of th is  d e te c to r .  This  unit will most p r o ­

bably b e  made up f rom  a PbS photoconductive cell  mounted on a cooled b ase  

and p rov ided  with a su i tab le  power so u rce  and p ream p l i f ie r .  The output of 

th is  p ream p l i f ie r  will b e  fed into a tuned, p h as e - sen s i t iv e  am pli f ie r  (H).

This  am pli f ie r  would ob ta in  i t s  r e f e ren ce  voltago from the m onito r  (I).

The I . R .  radiation d e te c to r  system will have  to be ca l ib ra ted  carefu l ly  for
. *

i ts  wavelength and in tensi ty  response .  The  output of  the am p l i f ie r  (H) will 

be fed into a r e c o rd e r  (J).

M ore expe r im en ta l  difficult ies  a r e  to be  expected in exper im ent  

IV (F ig .  9). As before ,  the c ry s ta l  would be il luminated th rough  an optical 

sy s t e m  containing op t ica l  f i l t e r s  or  a m onochrom ato r  (C). T h e  light path 

will be s im i la r ,  and again the p r im a ry  b e a m  will be m o n i to red  (H). The 

em it ted  luminescent r ad ia t io n  has  to be co l lec ted  by an op t ica l  sys tem  and

23



TO H

B

A
B
C
0
E
F
0
H
I
J
K

L

POWER SUPPLY
CONCENTRATED ARC SOURCE
ILLUMINATION MONOCHROMATOR
CRYOSTAT WITH CRYSTAL
LIGHT PIPE AND OPTICAL SYSTEM
SCANNING MONOCHROMATOR
DETECTOR AND PREAMPLIFIER
PHASE SENSITIVE TUNED AMPLIFIER
RECORDER
LIGHT CHOPPER
VACUUM SYSTEM
LIGHT MONITOR

©
11

1

Figure 9. Apparatus for study of the band shape of the luminescence
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injected into th t «Munc« slit of ait l.R. •canning monochromator (F). The 

light output at the exit alit of thia monochromator would again be measured 

in a way similar to that described previously. As the luminescent band is 

quite broad* (9000 A to IS, 000 A and extending up to 17, 000 A when M centers
I

are present) the monochromator range should extend up to about 20,000 A. 

Because of linearity of scale and higher aperture, a grating monochromator 

has been chosen for this purpose.

The design and building of the equipment is the responsibility of 

Dr, Brads* and the equipment purchased tor this purpose will be obtained 

without cost to this contract. *

Botden, Doom, Haven, Philips Res, Rep. 9» 469 (1954),
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111 THE L IF E T IME OF THE F - CENTER

The lifet ime cl  the  F-c 'enter  in KC1 has  been m e a s u r e d  by Swank 

and Brown; and has  been  ca lcula ted  by Mott and Gurney, by Fowler and

Dexter ,  as  well as  by the author.  The v a lues  for KC1 a r e  as  shown 

tab le .

TABLE
•

M easu red  -* Swank and Brow./ 577 x 10 ^ sec .
2

Calcu la ted  ~ Mutt a rd  Gur ;ey *- 969 x 10 sec.

Calcu la ted  - Fowler a;.d Dexter^ 93 x 10 ?  sec.
4

Calcu la ted  -  M arkham 6. 2 x 1C  ̂ sec .

The need to c o r r e c t  the usual E in s te in  A coefficient i%*t use in the 

theory  of defec ts  in so l ids  p reda tes  th is  work .  P ekar^  sugges ted  a c o r ­

rec t ion  in 1952, but the exact formal cor r e c t io n  f i r s t  a p o t a r s  in a paper  by
4L y

Lax , alsi  in 1952. L a x ' s  paper  was subsequently  rev iewed by Dexter .

The tsfcle sugges ts  severa l  p ro b le m s .  We shall  Ignore  the value 

of Mott a id  Gurney s nee th e i r  equation i s  only a rough . rd c r  of magnitude.
g

Fowler a rd  Dexter ( r e f e r r e d  to by the l e t t e r s  FD) and M a rk h a m 's  value 

( r e f e r r e d  to by jM ) a r e  p resum ably  r e l  ab le  valur s a d the  o rd e r  ^ ( - m a g ­

nitude of the d ifference between them r e m a i n s  complete;!* unexplained. The. 

sec. , d p rob lem  I great*.* t e r 6st s why th e re  is such a l a rg e  difference

between the theo re t ica l  and the experirru.-ita?, values .  j M ' s  value is off 

by a factor  of 93. However,  FD 's  value i s  ufi by only 6 , which in view 

of the m a ry  n ec e ssa ry  approx im ations  does  not seem as s e r io u s  to the 

th e o r i s t  a s  one m'ght f r»t expect.  Our U rs t  objective is  to  exam ine the 

factor of 15 between the theo re t ica l  v a lu es  which occurs  due to  a se r ie s  of 

a s su m p t io n s  which a lways t e rd  to make the c a lc u l a to r  i FD la rg e r  than J M 's ,
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Many of these  a ssu m p tio n s  d e se rv e  fu r th e r  study and a r e  su b jec t to q uestion . 

One d iffe re n c e  is  cau sed  by  an a r ith m e tic  e r r o r  which h a lv es  the  value of 

FD.

s ta te

FD used the follow ing equation to c a lcu la te  the life tim e  of the excited

^ En C ^ ( P i Q - H + a . T C P ^ V H l I
L 1 D) n '()

E q. (1) w as obtained fro m  FD*s Eq, (22) u sin g  the following no ta tion :

(1) m -* ^ (  lo w er).

(2) u (u p p er).

(3) n  in the index  of re fra c tio n .

The follow ing assu m p tio n s w ere  m ade by FD:

(1) M atrix  e le m e n ts  of for a t r a n s i t io n  from .i. to u  equa ls  the 

m a tr ix  e lem en ts  for a  t r a n s i t io n  from  u to ^ ;

(2) The em iss io n  is  due to tra n s i t io n s  from  a P j ^  to  the  low er
2 2 2 s ta te  a& w ell a s  fro m  P t o  the

(3) 2 ^  the en erg y  of an em itted  photon , equals 1. 26 e .v ,  for the 

F -c e n te r  in  KC1 not 1 e .v .  a s  quoted by FD . T h is  in tro d u ces  an e r ro r

of (1. 28)^ in  the  denom inato r of Eq. (1) and one m ust divide th e i r  re su lt 

by 2.1. J  in J th  quantum  num ber of t h e P ,  /o s ta te  and h , c, m ,1/2
,-9and e h av e  th e ir  usual v a lu e s . Thus (FD ) re a lly  is  4. 6 x  10 sec . and' 

the re tie  ^ ( F D j / ^ t f M )  = 7 .5 .

is  the o sc illa to r  s tren g th  when a G aussian  o r a P e k a r ia n  band 

shape is  a ssu m ed . As long a s  one u ses  the o sc illa to r  s tren g th  in conjunc­

tion  w ith th e  m axim um  ab so rp tio n  and the w id th  at ha lf heigh t, one m ay use 

any e x p e rim e n ta l o sc illa to r  s tren g th  since th e  value of f is  com pensated  by
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o
the value of the Smakula constant (a #) assum ed. This is  not the case when 

one "in tegrates" over the absorption and the em ission bands. The osc illa to r 

strength pertaining to the true absorption curve must be used i. e. the P ekarian  

o r the Gaussian.

The re ad e r should note that FD assum es that the basic quantity which 

rem ains invariant during the adjustm ent of the lattice is  the m atrix  elem ent 

of x. F urther, they assum e that the F -cen te r has com plete spherical sym m etry 

so that 1, s and j a re  good quantum num bers. We shall shortly show they also  

assum ed that there  is  no spin-orbit coupling in the excited state.

As pointed out p rev iously^  we do not know whether one should assum e 

that the m atrix  elem ent of x or of p should be invariant for the process 

(  u and u~* \\ A fu rther possibility ex ists that neither is. invariant, but 

ihat f, the oscilla to r strength is . The reader is  rem inded that the sum ru le  

is  in te rm s of the oscilla to r strengths not the m atrix  elem ents. If an im p e r­

fection has only two bound levels and, d irec t transitions to the conduction 

bands were forbidden, then f will not be affected by changes in the energy 

in terval between th e £  and u levels due to the readjustm ent of the levels.

This might be the case for the F -cen te r if, indeed, the K and the L-b&nds 

a re  not connected to th is  im perfection.

The equation for the lifetime used by JM was of the form

n (X M 'l ~  °l X*\_____________ -  k  C. ̂  m ____________ fc )

Equation (2) assum es that th e re  is  one lower and one upper state and 

fu rther, that the degeneracy is only due to the spin and that f is  invariant.

The ra tio  of the two quantities from Eqs. (1) and (2) is
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E quation  (3) re so lv e s  th e  d ilem m a betw een the  r e s u lts  of F o o le r  

and D exter and th a t of the au th o r, since  ( F D j / j f ^ j  (JM) = 8, bu t it

does not get to  th e  h e a rt of the p ro b lem  which is  to  explain  the r e s u l t s  of 

Swank and B row n. The m o st co n se rv a tiv e  e s tim a te  i . e , the longest tim e  

is  a fac to r of 14 t im e s  too sh o r t and the ag reem en t i s  com pletely  u n s a t is ­

fac to ry . If P ^ 2  ^ 3 /2  *eve** a r c  •®P*r *ted, due to sp in -o rb it coupling,

then  the fac to r in c re a s e s  since we need only c o n s id e r  the low er s ta te .

We have good ex p e rim en ta l ev idence  that the f i r s t  exc ited  sta te  is  v e ry  

n a rro w  (no s p in -o rb it  spliting) and th a t it is  not a s e r ie s  of bands. T he 

d iffe ren ce , h en c e , m ust be a t le a s t  of the o rd e r  o f 20. T his su g g ests  

th a t both c a lc u la tio n s  do not a tta c k  th e  fundam ental re a s o n  as to why the  

th eo ry  does not ex p la in  the r e s u l t s  o f Swank and B row n.

In the p a p e r  of Fow ler and D ex te r, they a ttem p t to develop a th eo ry  

o f  tra n s itio n s  w hich is  in v a rian ce  w ith the developm ent of a theory  by the 

au tho r to t r e a t  the  sam e p ro b lem s . D etailed ap p lica tio n  of e ith e r th eo ry  has 

no t been m ade. In view  of the fa ilu re  of the ca lcu la tio n s , such ap p lica tio n  

se e m s to be in o r d e r  at the p r e s m t  tim e .

F ow ler and D exter point out th a t the s im p les t th eo ry  of the E in s te in  

A and B co e ffic ien ts  do not apply to  com plex  so lid s . T h is  is  ce rta in ly  tru e  

and a lm ost ex p ec ted , but the au th o r cannot ag ree  w ith FD that the whole 

concept of the co e ffic ien ts  should b e  abandoned. C e rta in ly  th is  is an 

u n w arren ted  s tep  a t ou r p re se n t lim ite d  degree of know ledge. In p r in c ip le , 

in v ery  many w avs, im p e rfec tio n s  in so lid s behave v e ry  much like m o le -
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cules, We therefore, plan to study the p ro p ertie s  of the A and B coefficients 

in full d e ta il, going back to the original trea tm en t and combine it with 

the Born-Oppenheimer technique of writing wave functions. A la rg e  change 

in < | r |>  will be reflected  in the form of the absorption band and 

em ission bands.
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